[1] A new regional model system was developed for simulation of emission, transport, deposition, and radiative effects of Saharan desert aerosol within the framework of the Saharan Mineral Dust Experiment (SAMUM). For this the mesoscale meteorological model LM, a dust emission scheme and a transport model were coupled. To test the model performance, two major Saharan dust outbreaks directed to Europe in August and October 2001 are simulated. Comparisons with sounding data and 10-m wind speeds from north African sites show that the LM provides reliable meteorological fields to describe the emission and near-source transport of dust. As shown by comparisons with satellite observations, lidar profiles, and Sun photometer measurements at selected stations, the spatiotemporal evolution of the dust plume is reasonably well reproduced by the model. The predicted dust interacts with the LM radiation at solar and thermal wavelengths. Saharan dust causes a negative effect on the net radiative budget at the top of the atmosphere in the source regions and accounts for a reduction in 10-m wind speeds. Thus it is responsible for a reduction in the dust production of up to about 50% during the October 2001 event.
Introduction
[2] As one of the major components of the atmospheric aerosol, mineral dust plays an important role in the Earth's climate system. Aeolian dust emitted by wind erosion in arid and semiarid regions is expected to contribute to the direct aerosol effect by scattering and absorption of both solar and thermal radiation [e.g., Sokolik and Toon, 1996; Tegen and Lacis, 1996; Liao and Seinfeld, 1998; . Dust has been found to redistribute the radiative energy from the surface to the dust loaded atmospheric column by cooling the surface while heating the dust layer [Perlwitz et al., 2001] . The resulting stabilizing effect on the vertical structure of the atmosphere can affect cloud formation, especially in convective environment (semidirect effect) and the dust production itself [Perlwitz et al., 2001] . In addition, dust may change the size and number of cloud condensation nuclei (CCN) and thus the optical and precipitation properties of clouds (indirect effect) [Levin et al., 1996; Rosenfeld et al., 2001] . Moreover, dust fertilizes marine [Coale et al., 1996; Hutchins and Bruland, 1998; Walsh and Steidinger, 2001] and terrestrial [Swap et al., 1992; Chadwick et al., 1999] ecosystems far from the source regions, which may in turn influence the carbon cycle and consequently the greenhouse effect. However, all these impacts are difficult to quantify due to the highly variable spatiotemporal distribution of mineral dust and uncertainties determining its optical and physicochemical properties [Intergovernmental Panel on Climate Change, 2001; Sokolik et al., 2001] . Recent remote sensing results of dust optical properties indicate that dust is nearly nonabsorbing [Dubovik et al., 2002] , while earlier laboratory measurements suggested dust to be partly absorbing at visible wavelengths [Patterson et al., 1977; Sokolik and Toon, 1999] .
[3] The distribution of dust has been modeled in many studies using general circulation models (GCM), and its effect has been examined by an online dust feedback on the radiation budget [e.g., Perlwitz et al., 2001; Miller et al., 2004] . However, these simulations utilize meteorological fields and soil data that are only available at coarse spatial resolution and contain great uncertainties [Zender et al., 2003a] . Several studies have concluded that an online feedback of dust on the radiation scheme instead of using predefined (climatological) aerosol distributions in numerical weather prediction models (NWP) could improve the weather forecast [Kishcha et al., 2003; Haywood et al., 2005; Perez et al., 2006] .
[4] The project Saharan Mineral Dust Experiment (SAMUM; http://www.tropos.de/samum) aims at clarifying the uncertainties in radiative properties of Saharan dust to quantify its radiative forcing. The SAMUM field experiments will take place in Morocco in spring 2006. They comprise surface and airborne measurements characterizing the optical, physicochemical, and morphological properties of the Saharan dust near a source region. The Sahara desert is the largest dust source on Earth, providing at least half of the globally emitted dust [Washington et al., 2003 ]. This dust is mainly transported across the Atlantic [Barkan et al., 2004] , but nevertheless, an immense part of about 80-120 Tg per year is also advected toward the Mediterranean basin and Europe [e.g., Collaud Coen et al., 2004; Guerzoni et al., 1997] . Dust transport to the Mediterranean basin was frequently observed at European Aerosol Research Lidar Network (EARLINET) stations. Advection of Saharan dust toward northern parts of Europe occurs about 3 to 5 times per year [Papayannis et al., 2002] . In the framework of SAMUM, a new regional model system for the northern Saharan dust cycle has been developed. It is based on the ''Lokal-Modell'' (LM), which is the operational weather prediction model of the German weather service ''Deutscher Wetterdienst'' (DWD), the online-coupled Multiscale Chemistry Aerosol Transport model (MUSCAT), and a dust emission scheme (DES). The model domain covers major parts of the Sahara and Europe. Thus the important dust source regions and the total transport toward Europe are taken into account. The dust direct and semidirect forcing is estimated by means of an online feedback of dust on the model radiation scheme.
[5] In contrast to global models, regional modeling provides the possibility to resolve the surface properties and transport processes smaller than the synoptic scale, which is essential for a precise dust prediction [Tegen et al., 2002; Zender et al., 2003b; Marticorena et al., 2004] . Furthermore, the results from regional models are well suited for comparisons with measurements of individual events. For the Sahara region, several other regional dust prediction systems already exist, some of which are used in operational forecasts. Some of these quite similar models are based on a modified version of the Eta model [Mesinger, 1997] and a dust module originally developed by Nickovic and Dobricic [1996] . These dust models are the SKIRON from the University of Athens [Rodriguez et al., 2001; Kallos et al., 2006] , the Dust Regional Atmospheric Model (DREAM) [Nickovic et al., 2001] used by the EuroMediterranean Center on Insular Cloud Dynamics (ICoD), and TAU [Tsidulko et al., 2002; Alpert et al., 2004; Kishcha et al., 2005] , which was the dust prediction system at the Tel Aviv University up to the end of 2005. The recent versions of DREAM and SKIRON include a more sophisticated parameterization from Nickovic et al. [2001] and provide size-resolved dust distributions with four size classes (SKIRON) [Kallos et al., 2006] and eight size classes (DREAM) [Perez et al., 2006] and DREAM-8b that is daily used at Tel Aviv University since 2006 (http://wind.tau.ac.il/ dust8/dust.html). The ChimereDust model from Laboratoire Interuniversitaire des Systèmes Atmosphériques (LISA) Créteil in France [Bessagnet et al., 2004; Menut et al., 2005] contains the dust module developed by Marticorena and Bergametti [1995] , which also provides the basis for the LM-MUSCAT-DES. To our knowledge, at the present state the DREAM model is the only of these four dust prediction systems taking radiatively active dust into account [Perez et al., 2006] .
[6] The intention of developing LM-MUSCAT-DES was not to create another operational dust model, but a useful modeling system to accompany the analysis of the results gained during the SAMUM field campaign. Therefore we have focused on (1) an online radiative forcing of dust, (2) size-resolved dust concentrations, which are essential for radiation calculations including dust, (3) a flexible module architecture allowing for a variety of sensitivity studies with several optical dust properties and emission/deposition schemes, and (4) a much higher grid resolution than used by the above-mentioned modeling systems. The use of upto-date roughness length [Marticorena et al., 2004] and vegetation [Pinzon, 2002; Pinzon et al., 2005; Tucker et al., 2005] data sets enables the dust mobilization process to be performed with high accuracy.
[7] In order to ensure that the model system LM-MUSCAT-DES correctly describes all the processes related to mobilization, transport, deposition, and radiative forcing of dust it has to be validated with case studies. In this work the simulation results for two Saharan dust episodes in August and October 2001 are presented. A third case of a dust outbreak in the Bodélé Depression in 2005 was simulated using LM-MUSCAT-DES by Tegen et al. [2006] . The online feedback of dust on the radiation scheme is examined with emphases on its consequences for the atmospheric stratification and the dust production itself. A detailed analysis of the dust radiative forcing is presented by Helmert et al. [2007] .
Model Description
[8] A physically based predictive model system has been developed for modeling the Saharan dust cycle in the mesoscale. This combines several already existing models that describe the different processes related to the emission, transport, and deposition of mineral dust.
Dust Emission Scheme
[9] The implemented dust source scheme was developed by Tegen et al. [2002] using results from Marticorena and Bergametti [1995] . It considers surface properties such as surface roughness, soil size distribution, vegetation cover, and soil moisture content as well as the location of preferential dust sources in order to calculate the erosion threshold velocity and the time and size resolved horizontal and vertical dust fluxes. The vertical dust fluxes serve as dust emission sources in the transport code MUSCAT.
Threshold Friction Velocity
[10] Aeolian soil erosion mainly depends on the wind shear stress on the ground t = r a u * 2 , where r a is the air density and u * the friction velocity. The mobilization of dust particles occurs above a certain threshold friction velocity u *t , which is a function of the particle diameter D p and consequently depends on the soil size distribution. Particles with diameters of 60-100 mm are easily mobilized [e.g., Bagnold, 1941; Iversen and White, 1982] . They play an important role in saltation that mobilizes smaller particles which are more tightly bound to the soil due to intense cohesive forces [Shao et al., 1993; Alfaro and Gomes, 2001; Zender et al., 2003b] . In this study a parameterization for u *t originally proposed by Iversen and White [1982] and modified by Marticorena and Bergametti [1995] is applied.
[11] The soil size distribution is represented by four populations according to Tegen et al. [2002] . These are clay, silt, medium/fine sand, and coarse sand. The proportion of each population is derived from the Food and Agriculture Organization/United Nations Educational, Scientific and Cultural Organization soil map of the World (FAO) [Zobler, 1986] providing soil texture class data of the top 30 cm of dominant soil on a 0.5°Â 0.5°grid. The texture classification of nine size classes is converted into the four populations in terms of the standard soil textural triangle [Fitzpatrick, 1980] . For calculating u * , the model grid-scale first-layer winds U 1st and high-resolved roughness lengths z 0 from remote sensing [Marticorena et al., 2004] with a 1/15°Â 1/15°resolution are used for the northern part of Africa. Assuming neutral atmospheric conditions, which is reasonable due to the high wind speeds for soil erosion, u * is computed as follows:
where k is the von Karman constant and z 1st is the midheight of the first layer. The z 0 data set was retrieved from surface bidirectional reflectance products provided by passive multidirectional measurements in the solar spectrum of the Polarization and Directionality of the Earth Reflectance (POLDER-1) sensor. The aerodynamic roughness length was found to be empirically related to the socalled protrusion coefficient (PC) of the surface, which results from the POLDER-1 bidirectional reflectance distribution function (BRDF). For model grid cells where surface roughness measurements were not available the surface roughness is set to 0.001 cm in source regions [Marticorena and Bergametti, 1995] or to zero otherwise. It has to be pointed out that these remotely sensed roughness length data are used to calculate suitable u * and u *t for the purpose of dust emission computation but are different from the z 0 values used in the LM to compute atmospheric dynamics. The high-resolved roughness lengths are more typical of erodible soil beds than the values used in the meteorological model [Zender et al., 2003a] , as the latter contain information about the subgrid-scale topography in order to reproduce realistic grid-scale wind fields. Thus they do not purely reflect the roughness of the ground, which the emission fluxes depend on and are not appropriate for modeling dust.
Dust Production
[12] As mentioned above, the direct emission of fine, suspended dust particles is highly ineffective. Large cohesive forces resulting in high u *t prevent small particles from being mobilized directly by wind. Thus saltation is the essential intermediate process for emission of mineral dust aerosol. Hereby larger particles disaggregate into fragments or release smaller (silt-and clay-sized) particles through sandblasting. The total, vertically integrated saltating mass transported in horizontal direction is represented by the horizontal dust flux F h (kg m À1 s
À1
), in the literature also denoted as saltation discharge [Hagen, 1996] , which is parameterized following White [1979] with
for u * ! u * t . Here, D pi is the soil particle diameter of size fraction i and s i is the relative surface area covered by a size fraction. The vertical dust flux F v (kg m À2 s
) corresponding to the entrainment of fine dust particles into the atmosphere, is related to F h by
The saltation efficiency a (m
) depends on soil texture and represents a measure of the supply of fine particles. Following Marticorena et al. [1997] and Tegen et al. [2002] , a is derived from wind tunnel experiments conducted by Gillette [1978] . Accordingly, the saltation efficiencies have been chosen as follows: 10 À5 cm À1 for silt, 10 À6 cm À1 for fine and medium sand, as well as 10 À7 cm
for coarse sand. Clay populations involve higher cohesive forces. Their saltation efficiency decreases with an increasing clay content. Therefore a is set to 10 À6 cm À1 for soils with <45% clay and to 10 À7 cm À1 for a clay content >45%. The saltation is treated by a simplified approach emitting all particles smaller than those directly mobilized by wind according to the soil size distribution for clay and small silt. The size distribution of the mobilized dust in the source region both reflects the original soil size spectrum described by the above-mentioned four populations and its dependence on the surface wind speed. The originally emitted dust particles with radii between 0.1 m and 750 mm are then assigned to an arbitrary number of bins specified in section 2.3. 2.1.3. Preferential Dust Sources, Vegetation, and Soil Moisture
[13] The dust emission scheme accounts for preferential dust sources, so-called ''hot spots'' of dust emission [Pye., 1987; Gillette, 1999; Prospero et al., 2002] , which are characterized by low surface roughness over wide areas and large amounts of loose fine-grained alluvial deposits (clay and silt). In order to allow for their high erodibility, a saltation efficiency of 10 À5 cm À1 is assumed [Tegen et al., 2002] . The location and extent of preferential dust sources are derived from the distribution of paleo-and temporal lake beds computed with the water routing and storage model HYDRA [Coe, 1998] .
[14] Dust release depends on the vegetation coverage. Sparsely vegetated areas are more likely to act as dust sources than regions with dense vegetation. Following Tegen et al. [2002] , a data set derived from simulations of the equilibrium terrestrial biogeography model BIOME4 [Kaplan, 2001] provides the distribution of 27 potential vegetation types, so-called biomes on a 0.5°Â 0.5°grid. Nonforest biomes (barren land, desert, tropical xerophytic shrubland, temperate xerophytic shrubland, tropical grassland, temperate grassland, graminoid and forb tundra, erect dwarf shrub tundra, prostrate dwarf shrub tundra, and cushion forb tundra) are assumed to be potential dust sources, where dust emissions can occur. The fraction of absorbed photosynthetically active radiation (FPAR) serves as measure of the vegetation cover. It is calculated using satellite observations from the Global Inventory Modeling and Mapping Studies (GIMMS) normalized difference vegetation index (NDVI) data sets [Pinzon, 2002; Pinzon et al., 2005; Tucker et al., 2005] and the empirical relationship from Knorr and Heimann [1995] . The dust emissions occur according to an effective surface area A eff depending on the seasonal variations in vegetation cover. Grass-like biomes are considered as more effective dust sources compared to shrub-like biomes, where the surface is protected by standing biomass even if the leaf area is zero.
[15] Dust emissions are prevented when the surface soil moisture exceeds 99% or the surface is covered by snow. The soil moisture threshold is based on the assumption that the upper soil layer dries up very quickly under wind conditions required for dust emissions. Indeed, this approach is quite simple compared to the parameterization proposed by Fecan et al. [1999] , which is used in most of the recent dust models [e.g., Kallos et al., 2006; Perez et al., 2006] , but instead it is robust against uncertainties in soil properties. Both the soil humidity and the amount of snow are provided by the meteorological model LM. The total vertical dust flux and entrainment term can be written as
where I Q reflects the influence of soil moisture, it vanishes when soil moisture in the surface layer is at field capacity and assumes a value of I Q = 1 when uppermost soil layer is dry. A snow is the part of the area A eff covered by snow. Evidently, for North African sources, vegetation and snow cover are of minor importance.
Regional Transport Model
[16] To simulate the processes related to transport and deposition of dust, the multiscale chemistry-transport code MUSCAT [Wolke et al., 2004a [Wolke et al., , 2004b is coupled online with the nonhydrostatic meteorological model LM. The LM is operationally run by DWD since the end of 1999 but has also been applied numerous times in scientific work. It is operated with initial and boundary conditions from the global model GME of the DWD. A detailed description of LM is given by Doms and Schättler [1999] . Both MUSCAT and LM work in parallel on their own predefined processors with an independent time step control.
[17] MUSCAT has originally been developed to study the dynamics of atmospheric pollutants. Its capability has been shown by several case studies and model intercomparisons [Renner and Münzenberg, 2003; Wolke et al., 2004a] . For the simulation of the Saharan dust cycle the code has been modified by embedding the dust emission scheme and adapting the deposition terms. The vertical grids of LM and MUSCAT are identical. The spatial discretization is performed by finite-volume techniques on a staggered grid. Such schemes are known to be mass conservative due to the direct discretization of the integral form of the conservation laws. For the advection terms a third-order upwind method with additional limiting [Hundsdorfer et al., 1995] is implemented. An implicit-explicit scheme [Knoth and Wolke, 1998; Wolke and Knoth, 2000] is applied for the time integration. This approach uses explicit second-order Runge-Kutta methods for the integration of the horizontal advection. Remaining processes like vertical advection, diffusion, and deposition are integrated implicitly. In MUSCAT a static grid nesting technique is implemented [Wolke et al., 2004b] . The horizontal grid is subdivided into so-called ''blocks.'' Different resolutions can be used for individual subdomains in this approach. This allows fine resolution in certain key regions. The parallelization is based on the distribution of blocks among the predefined number of MUSCAT processors. Interprocessor communication is realized by means of Message Passing Interface (MPI). Load imbalances between parallel processors are avoided by an implemented dynamic load balancing [Karypis et al., 1998; Wolke et al., 2004b] that redistributes the blocks according to the work load of each block. The coupling scheme between LM and MUSCAT simultaneously provides time-averaged wind fields and time-interpolated values of other meteorological fields (vertical exchange coefficient, temperature, humidity, air density). Coupling between the meteorological model and the chemistry transport takes place at every advection time step, which is given by the dynamic time step control and corresponds to two LM time steps of 45 s in the presented simulations. Accordingly, emission and transport of mineral dust are calculated on the basis of meteorological and hydrological conditions updated every 90 s. To adapt the meteorological fields, which are given on an equidistant horizontal grid, to the block-structured MUSCAT grid they have to be averaged or interpolated. Since LM solves a compressible version of the model equations with the pressure as prognostic variable, an additional adjustment of the wind field is necessary. The velocity components are projected such that a discrete version of the continuity equation is satisfied. The main task of this projection is the solution of an elliptic equation by a preconditioned conjugate gradient method. This is also done in parallel on the LM processors.
Aerosol Treatment
[18] MUSCAT includes modules describing aerosol dynamics and chemical mechanisms. For this study a simplified aerosol treatment has been chosen, in which the model predicted dust is transported as dynamic tracer in up to eight independent size classes as proposed by Tegen et al. [2002] . However, since tests using LM-MUSCAT-DES have shown the three largest dust bins to be less important for long-range transport, five size classes with radius limits at 0.1 mm, 0.3 mm, 0.9 mm, 2.6 mm, 8 mm, and 24 mm are used. Processes such as coagulation as well as physicochemical processing of dust are not simulated. Even though the authors are aware that in reality dust particles act as cloud condensation nuclei and may influence the cloud formation also through the indirect effect, in the model they do not and may have just a semidirect effect on clouds. Dry deposition of dust is parameterized taking into account turbulent transfer, Brownian diffusion, impaction, interception, gravitational settling, and particle rebound. It depends on particle size and density as well as on relevant meteorological quantities. For particles larger than 2 mm the removal from the atmosphere is mainly by gravitational settling. The dry deposition velocity v d is expressed by
where the formulation of the aerodynamic (R a ) and surface resistance (R s ) is based on Zhang et al. [2001] . Here, v g is the gravitational settling velocity given by
Here, D p and r p = 2.65 g m À3 are the particle diameter and density, g is the gravitational constant, m is the dynamic viscosity of air, and C c is the Cunningham correction factor that accounts for the reduced resistance of viscosity as particle size approaches the mean free path of the air molecules
where l is the mean free path of air molecules. Wet deposition, both rain-out and wash-out, is parameterized following, e.g., Berge [1997] and Jakobson et al. [1997] . The details of the parameterization are taken from the EMEP MSC-W Eulerian model [Tsyro and Erdman, 2000] by adapting the size-resolved scavenging ratios according to the dust bins. As shown in sensitivity studies, this wet deposition scheme is relatively insensitive to the rather large uncertainties in the parameters for particles wet removal [Tsyro and Erdman, 2000] . An improvement in the calculation of in-cloud scavenging could be expected if the dust particles chemical composition and thus their hygroscopic properties were known for the most important dust sources, but this is not the case. [19] In order to investigate the dust radiative effect, a data exchange from the chemical-transport model MUSCAT to the meteorological model LM has been implemented. The model-predicted dust load is transferred to the LM radiation scheme at every MUSCAT advection time step.
Dust Radiative Feedback
[20] The parametrization of radiative transfer of shortwave and longwave radiation for clear and cloudy atmospheres in the LM is based on Ritter and Geleyn [1992] . This radiation scheme uses a d-two-stream radiative transfer solver with three solar and five thermal spectral bands, taking into account effects of scattering, absorption, and emission by gases, cloud droplets, and aerosols. For the latter, the radiation scheme employs the approach of Tanre et al. [1984] , taking into account optical properties of five aerosol types (continental, maritime, urban, volcanic, and background stratospheric). These are climatologically fixed in time and space. However, at least for mineral dust such a fixed mean distribution of aerosols is not sufficient for estimation of dust radiative impact in a particular dust event, due to high uncertainties in optical properties and high variabilities in temporal, spatial, and size distribution of dust. These uncertainties in optical characteristics of mineral dust are related to uncertainties in the dust size distribution and to uncertainties in the complex spectral refractive index n(l) [Sokolik et al., 1998 ]. In this study, the mean distribution of desert dust which is part of the ''continental'' type in the radiation scheme is replaced by the modeled dust distribution and optical properties computed by Mie theory. In this way, together with the size-resolved dust concentration provided by the transport model, the radiation scheme accounts for a spatiotemporally varying atmospheric dust load. In turn, the radiative flux changes are fed back into the LM, allowing for changes in atmospheric dynamics as consequence of the changed radiation balance.
[21] The radiative forcing of dust is mainly determined by the value of its single scattering albedo [Liao and Seinfeld, 1998 ], which is still an uncertain parameter in current aerosol radiation models. The single scattering albedo of desert aerosol at 500 nm for an effective dust radius of 1.5 mm used by many radiation models ranges from 0.79 (more absorbing dust) [e.g., Patterson et al., 1977; Sokolik and Toon, 1999] to 0.92 (lower absorption) [e.g., Dubovik et al., 2002; Todd et al., 2007] . In this study the spectral refractive indices from laboratory measurements carried out by Sokolik and Toon [1999] are used, assuming an internal mixture of 2% hematite and 98% kaolinite characterized by a single scattering albedo at 500 nm of 0.8 for dust particles with 1.5 mm radius. Thus the dust is more absorbing than today commonly assumed from AERONET and recent remote sensing retrievals. No data set is available that would provide composition and optical properties of dust for all Saharan regions. The dust refractive index and thus the single scattering albedo of dust particles depend on mineral composition and particle mixing state, which might vary regionally due to potentially different soil properties of dust source regions [Tegen, 2003] . Therefore dust optical properties used in this model are not necessarily representative for the entire Sahara desert but should be considered to be a preliminary estimate. A test of the model sensitivity to dust optical properties derived from in situ measurements, remote sensing, bulk measurements, and laboratory experiments are given by Helmert et al. [2007] . When they become available, the results from the SAMUM field experiments describing wavelength-dependent single scattering albedo of Saharan dust will be used in the radiative transfer calculation to compute a more realistic impact of dust on the radiation budget compared to the test case studies described here. [22] Basic settings of the model system are summarized in Table 1 . The model domain consisting of 473 Â 377 grid points has a horizontal grid spacing of 14 km and covers major parts of the Sahara desert and Europe (Figure 1) . It permits the computation of dust emission from several source regions as well as the transport of dust toward Europe. The LM is operated with 40 vertical layers of a pressure-based, terrain following vertical coordinate. The vertical grid levels reach from about 69 m above surface to about 25 km height with increasing level distances. The vertical coordinate of MUSCAT is limited to 12 km.
Methodology

Model Setup
[23] Simulations have been performed for two Saharan dust outbreaks directed to Central Europe in August and October 2001, which are well documented by, e.g., Mattis et al. [2002] and Ansmann et al. [2003] . The model has been run for a period from 27 July to 3 August 2001 and from 8 to 16 October 2001 to capture these episodes. The LM is initialized with GME analysis, and the lateral boundary conditions also provided by the GME are updated every 6 hours. After a 24-hour spin-up period of the meteorological model, the dust simulations are started with zero initial dust conditions. This assumption is justified due to the clearly defined dust events and the long simulation time which allows the dust to be generated and distributed by the model.
[24] By default, the simulations have been carried out with an online feedback of dust on the LM radiation scheme. To examine the dust radiative forcing, a control run without any desert aerosol affecting the radiation has been additionally performed for the October 2001 case. The LM radiation routine is called once per hour updating the radiation fields including the changes due to the changed dust distribution. The time increment for the radiative flux calculations is based on the assumption that the dust distribution does not significantly change within one hour in the synoptic scale. However, beside the dust optical properties also the time interval for calling the radiation scheme will be tested in further sensitivity studies. (Figure 1 ). Both sites are not located within, but close to, preferential dust source areas. They belong to the very few stations in the Saharan region where rawinsonde data and locally measured meteorological parameters are continuously available. Special attention has been given to the 10-m winds due to their importance for realistic modeling of emission fluxes. The output intervals of the meteorological model are 6 hours to limit memory usage. Thus we compare the model results just to 6-hourly means of observed winds, being aware that these values do not exactly represent the winds responsible for dust emissions in the model. Rawinsonde data permit an insight into the atmospheric stratification.
Modeled Saharan Dust Distribution
[26] The absorbing aerosol index (AI) derived from the Total Ozone Mapping Spectrometer (TOMS) is a useful measure to evaluate the spatiotemporal distribution of modeled dust with respect to source regions and transport patterns. It is calculated from continuously measured backward scattered UV radiances at multiple wavelengths and provides a measure of the total column absorbing aerosol. TOMS AI has been compared with the aerosol optical thickness (AOT, t) at 550 nm derived from model-predicted dust using where Q ext, 550 ( j) is the extinction efficiency at 550 nm of the dust mode j, r eff ( j) is the effective radius of dust particles of mode j, c dust (j, k) represents the dust concentration of the dust mode j at the vertical level k, and Dz(k) is the vertical increment of each vertical level k. The extinction efficiency Q ext, 550 ( j) is calculated employing Mie theory. Therefore spherical and log-normally distributed particles are assumed within each dust mode. Although, the assumption of spherical particles is not reasonable for most dust particles [Nakajima et al., 1989; , the errors in radiative flux computation are small in the hemispherical integration when compared to computations with spheroids [Lacis and Mishchenko, 1995] . Q ext, 550 ( j) is derived from dust refractive indices from Dubovik et al. [2002] and is 1.677 for the smallest dust mode and 3.179, 2.356, 2.144, and 2.071 for the larger size classes, respectively. It has to be pointed out that TOMS AI is attached with several uncertainties: (1) TOMS AI does not only detect mineral but also absorbing carbonaceous aerosols, and (2) it is sensitive not only to the aerosol composition and the optical properties but also to the vertical profile of an absorbing aerosol. Furthermore, (3) the TOMS instrument has a certain minimum threshold for detection, so minor aerosol loads may not be identified, and it is insensitive in the lowest 1 -1.5 km of the atmosphere [Herman et al., 1997; Torres et al., 1998; Hsu et al., 1999; Mahowald et al., 2003; Mahowald and Dufresne, 2004] . A general disadvantage of remote sensing observations is that the detection of aerosol fails in case of dust plumes covered by clouds. However, despite of the limitations TOMS AI represents the longest global data set of dust distribution over land [Herman et al., 1997; Torres et al., 1998 ].
[27] For a quantitative validation, the model-derived AOTs, as given by equation (11), have been compared with cloud screened and quality-assured AOT data obtained from four Aerosol Robotic Network (AERONET) [Holben et al., 1998 ] stations along the path of the dust plume. The stations, considered for comparison, are Avignon (43.9°N; 4.9°E), Lille (50.6°N; 3.1°E), and Leipzig (51.4°N; 12.4°E) for August 2001 and Avignon, Oostende (51.2°N; 2.9°E), and Leipzig for October 2001. The Sun photometer measurements represent the optical thicknesses from both the dust aerosol from the Saharan dust event, as well as the anthropogenic aerosol at this site. For a more realistic comparison a constant value for the background aerosol has been added to the model results for dust optical thickness. Here, the values of the constant aerosol background optical thickness (excluding dust) are taken from the LM radiation scheme [Tanre et al., 1984] . We have added 0.185 for Avignon, 0.19 for Lille and Oostende as well as 0.2 for Leipzig.
[28] The European Aerosol Research Lidar Network (EARLINET) comprises more than 20 European lidar stations and provides a quantitative data base of the horizontal and vertical distribution of aerosols on a continental scale [Bösenberg, 2001] . Since May 2000, lidar measurements are conducted regularly several times per week as well as quasi-continuously during special events, such as dust outbreaks [Ansmann et al., 2003] . Lidar measurements compensate the shortcomings of satellite observations allowing a discrimination between aerosol layers and a description of their vertical structure. A correctly predicted vertical distribution of dust is crucial for determining the dust radiative effect [Liao and Seinfeld, 1998 ]. Thus in this work, lidar data in terms of backscatter coefficients are used to validate the vertical profile of the modeled dust at selected sites. For this purpose, the simulated vertically resolved dust AOT (profile of the volume light-extinction coefficient) has been converted to particle backscatter coefficients measured with lidar by using a extinction-tobackscatter ratio (lidar ratio) of 50 sr [Mattis et al., 2002] 
Results for Saharan Dust Outbreaks
August 2001
[29] A high-pressure area extended from North Africa to the Western Mediterranean basin and a strong frontal system centered southwest of Portugal strengthened beginning on 27 July. This weather situation, which is shown in Figure 2 for 30 July, caused the advection of warm air from Saharan regions to Europe. The warm air masses including considerable amounts of mineral dust reached Europe between 30 July and 3 August. Major dust sources were activated in northern Mauritania, Mali, northeastern and southern Algeria, Tunisia, and in Chad (Bodélé Depression). The production and transport of Saharan dust started on 29 and 30 July. The map of TOMS AI (Figure 3) shows the transport patterns on 30 July as well as on 1 and 2 August. The dust plume crossed the Mediterranean Sea along the east coast of the Iberian Peninsula and reached the Pyrenees on 31 July. During the following days the dust spread over southern France and the Alps passing eastern Germany on 2 August. As of 3 August the main part of the dust plume shifted in an eastward direction, so it crossed the Mediterranean Sea near Sardinia.
Validation of Near-Source Meteorology
[30] The comparison of the modeled 10-m winds (winds at 10 m height above ground) to the observations shows a good agreement with respect to the temporal evolution. At Bechar and Tamanrasset, higher wind speeds occurred in the period 28 -31 July and lower winds on 1 -3 August. While the 6-hour mean of the measured winds is in the range of about 1 -10 m s À1 at both sites (Figure 4 ), wind speeds up 1 to 17.5 m s À1 were observed at Bechar on 29 and 30 July. At Tamanrasset the wind speeds reached 12 m s À1 on 28 July (maximum not resolved in 6-hour integrals shown in Figure 4 ). The model underestimates the 10-m winds by up to 4 m s
À1
, but still the model results are in the range of the measured wind speeds and fit the observations better on days with lower winds. The simulated wind speeds are slightly but not systematically higher than the 6-hour mean of the measurements on 1 -3 August at 0600 and on 1 August at 1200 UTC. In summary, the model is fairly capable of reproducing the temporal evolution of the wind conditions in the source regions. However, the magnitude of the 10-m winds is generally underestimated by the model in cases with high wind speeds. This is possibly due to the still too coarse horizontal grid resolution, which requires an averaging over the surface area of 14 Â 14 km 2 . More substantial deviations occur at Bechar than at Tamanrasset. That is probably due to the unresolved impact of the Atlas Mountains and may be attributed to insufficient boundary conditions, while more undisturbed atmospheric conditions prevailed in Tamanrasset at 1364 m asl. To compensate for the lower winds and to ensure correct dust production in the model, the threshold velocity for dust emission is reduced by a factor of 0.66, as in the work of Prigent et al. [2005] . As an option for the future work, the application of probability density functions could serve to reproduce the subgrid-scale variability of surface winds for dust emission [e.g., Westphal et al., 1998; Cakmur et al., 2004] but also the atmospheric stability has to be taken into account.
[31] The rawinsonde profiles of Bechar and Tamanrasset from 31 July, 1200 UTC ( Figure 5) show a slightly unstable to neutral atmospheric stratification, except for an inversion over Tamanrasset at about 4.5 km height. These thermal conditions stimulate the lifting of Saharan dust. At 4-4.5 km height distinctive jets were recorded over both sites. The meteorological model reasonably reproduced the vertical profiles of temperature and wind speed, but it failed to resolve the observed free inversion. The modeled winds at ground level agree with the measurements over Bechar, while they are lower over Tamanrasset. This is in contrast to the 10-m winds, which agree well with the observations. Finally, except for some shortcomings the model captures the most important characteristics of the atmospheric column over the selected sites. We expect the LM to provide reliable meteorological fields to describe the dust emission and near-source transport processes.
Modeled Saharan Dust in Comparison With Observations
[32] To validate the horizontal distribution of the simulated dust, maps of the TOMS absorbing aerosol index are compared with that of the model-derived aerosol optical thickness at 550 nm. This is shown for selected days significant for the spread of dust (Figure 3) . Again, we emphasize, that it is only a qualitative comparison for the reasons mentioned in section 3.2.2. A good agreement has been found with respect to the location of dust emission sources and transport patterns. High values of optical thickness equal or greater than 1 indicate dust sources in northern and western Mauritania, Mali, northern and southern Algeria, and the Bodélé Depression. However, on 30 July the dust emissions over southern Algeria and the dust load over the Sudan and the southern Red Sea are not captured by the model, but still there is an increasing transport of modeled dust across the southern Red Sea during the following days. The contribution of the Bodélé Depression to the dust load seems to be more distinctive in the model results, even though both the modeled dust optical thickness and the TOMS AI data show a strengthening of dust production at this location. The path of the dust plume from northern Africa to Europe is also fairly well reproduced by the model. The simulated dust is transported across the western Mediterranean Sea along the eastern coast of the Iberian Peninsula. The dust clouds further extend over southern France and the Alps crossing Germany on 1 and 2 August. Although, the comparison is hampered by extended cloud fields covering considerable parts of western and Central Europe, the model results agree surprisingly well with the TOMS observations on 1 and 2 August, especially with respect to the correctly predicted dust distribution over the western Mediterranean Sea and the beginning eastward shift of the dust plume on 2 and 3 August.
[33] For a quantitative validation the model-derived aerosol optical thickness is compared with Sun photometer measurements at selected AERONET sites ( Figure 6 ). As mentioned above, a constant value for the background aerosol has been added to the model results for dust optical thickness. The Å ngström exponent, which describes the spectral dependence of aerosol optical thickness, is typically below 0.5 for large dust particles, whereas it is greater than 1 for anthropogenic particles. Therefore it is used as a measure to decide whether dust or other aerosols cause the increased optical thickness. The exponent is less than or equal 1 from 1 August (0715 UTC) to 3 August (0525 UTC) at Avignon, from 31 July (0935 UTC) to 1 August (0715 UTC) at Lille, and from 2 August (0735 UTC) to 4 August (0515 UTC) at Leipzig. Within these time periods high optical thickness values are due to desert aerosol. The model predicts a first maximum of dust optical thickness of about 0.8 at Avignon on August 1. Despite an increase in the aerosol optical thickness at the end of the day 31 July, the maximum dust load over Avignon at night cannot be verified by the Sun photometer observations. However, at least the tendency appears in the right direction. The increase in the aerosol optical thickness on 2 August is fairly well captured by the model. From the few measurements at Lille, available during the episode, a good agreement is found on 1 August. Both the temporal evolution and the magnitude of the dust optical thickness are correctly predicted by the model at Leipzig. The optical thickness increased due to dust on 2 August. In the days before an Å ngström exponent greater than 1 was observed indicating that the high optical thickness on 31 July was not related to desert aerosol.
[34] Figure 7 shows the modeled dust vertical structure at Lecce, Neuchâtel, Munich, Leipzig, Kühlungsborn, and Belsk for 2 August in comparison with lidar data in terms of the particle backscatter coefficient in Mm
). The maxima of the measured dust particle backscatter coefficients ranged from about 1.5 Mm À1 sr À1 at Leipzig to 4.5 Mm À1 sr À1 at Lecce, Neuchâtel, and Belsk. At Lecce the Lidar signal is very noisy due to a very low dust load, which is supported by the model results. The layer with large backscatter above 8 km height at Kühlungsborn and above 6.5 km height at Belsk is caused by a cirrus cloud cover. Backscatter coefficients greater than zero below the cloud indicate that at least a low dust load was observed at Belsk. The boundary layer (<2 km height) is clearly separated from the dust layer at all sites. Instrumental reasons prohibited a trustworthy backscatter profile below about 5 km height at Kühlungsborn. The top of the main dust layer reached into heights of 5-6 km, while dust was observed even up to about 9 km at Leipzig. It is evident from Figure 7 that the model is quite capable of describing the vertical distribution of Saharan dust. Both the location of the maxima and the magnitude are in agreement with the lidar data at Neuchâtel, Munich, Leipzig, and Kühlungsborn. The dust load at Belsk appears to be overestimated, even though the comparison is hampered by the cirrus cloud cover. Possibly due to the limited vertical resolution of the model the dust is ''smeared'' over the atmospheric column.
October 2001
[35] In October 2001 major dust emissions occurred in northern Mauritania, Mali, northeastern and southern Algeria, Tunisia, and in Chad (Bodélé Depression). The northward transport of Saharan dust started on 8 -10 October initiated by a trough of low pressure extending from the Canary Islands to northern Scotland (Figure 8 ). Under the influence of a low pressure area west of Morocco as well as high pressure over northern Africa and the Mediterranean Sea the dust plume passed the Iberian Peninsula on 11 October and reached the British Isles, Belgium, the Netherlands and western Germany on 12 October. During the following days the dust plume crossed Germany in west-east direction on 13 -14 October. Figure 9 shows the distribution of the absorbing aerosol index (AI) retrieved by the Total Ozone Mapping Spectrometer (TOMS) satellite instrument on 13 October, indicating the presence of dust aerosol above the Sahara and Central Europe. Blue areas indicate intense cloudiness, especially over northern Europe, inhibiting retrieval of the dust plume below. 
Validation of Near-Source Meteorology
[36] The 6-hour mean of wind speeds reached up to 12 m s À1 at Bechar and Tamanrasset in October 2001 (Figure 10) . A maximum of about 18 m s À1 was measured at Bechar on 10 October and of about 12 m s À1 at Tamanrasset on 12 October. At Bechar the model strongly underestimates the 10-m winds in the period 9 -11 October, probably because of the again unresolved impact of the Atlas Mountains in combination with the wind change related to the low pressure area west of Morocco. On the later days, a better agreement with the measurements is found. On 12 October, the observed wind speeds are well captured by the model with a slight shift in the temporal evolution during the following days. At Tamanrasset, the winds were reproduced during the full time period. Here, the model results are also attached with a slight underestimation and a temporal shift.
[37] On 11 October, 1200 UTC the rawinsonde data indicate a slightly unstable to neutral thermal stratification, except for inversions at Tamanrasset at about 4 km and 6 km height (Figure 11 , right). Jets were located in 4 km and 6.5 km over Bechar, as well as in 3.5 km over Tamanrasset. For the October 2001 case, the meteorological model predominantly captured the vertical profiles of temperature and wind speed, but it failed to resolve the observed inversions similar to the July/August 2001 case. The variability and magnitude of winds at the first rawinsonde level agree with the measurements over Tamanrasset, but they are underestimated in the model results over Bechar. However, the jet at 3.5 km height over Tamanrasset was not predicted by the model. In summary, despite underestimated wind speeds that may be caused by insufficient horizontal model resolution and a slightly temporal shift at Tamanrasset, the meteorological fields provided by the LM are a reasonable base for modeling the dust outbreak in October 2001.
Modeled Saharan Dust in Comparison With Observations
[38] Figure 9 shows the dust optical thickness at 550 nm computed from the modeled horizontal distribution of Saharan dust compared to maps of the TOMS absorbing aerosol index. Despite the fact that the comparison is hampered by extended cloud fields, the model results agree reasonably well with the observations in the location of dust emission sources and transport patterns. Active dust sources are shown in northern and western Mauritania, Mali, southern Algeria, and the Bodélé Depression. However, the dust emissions over northeastern Algeria and Tunisia on 10 October (not shown) and 12 October are not captured by the model. An area of high dust concentrations over southern Niger caused by local dust emission and transport of dust from the Bodélé is more pronounced in the model results than in the TOMS data. Indeed, the model-derived dust optical thicknesses are higher than the measurements at Banizoumbou (13.5°N; 2.7°E) and Ouagadougou (12.2°N; 1.4°W), which are AERONET sites in the Sahel region. The overestimated dust load may be due to problems in the model parameterization of surface properties but is also suspected to be related to boundary effects or unresolved convective processes not yet parameterized for dust transport. However, high dust concentrations are also found over this region in the GOCART model results in the work of Ansmann et al. [2003] . Therefore the discrepancies may be due to problems in the satellite retrievals, as the TOMS retrieval is less sensitive for absorbing aerosols at heights lower than 1 -1.5 km, or there is a general lack of modeling dust in this area. The simulated dust is transported across the western Mediterranean Sea and the Iberian Peninsula on 10 -11 October. Germany and Great Britain are totally covered by Saharan dust on 13 October, and southern Scandinavia and Poland are reached on 14 and 15 October. A maximum at first located on 13 October over Belgium, the Netherlands, and western Germany is well reproduced by the model, but it is missed over eastern Germany and Poland in the model-derived aerosol optical thickness for 14 October. Generally, the simulated dust plume shifts eastward a bit slower than observed by TOMS, which seems to be related to the transporting wind fields.
[39] A good quantitative agreement has also been found comparing the model-derived aerosol optical thickness at selected sites with that provided by AERONET (Figure 12 ). The Å ngström exponent indicates desert aerosol within the whole period. The optical thickness at Avignon is well captured by the model on 11 and 12 October (Figure 12 ), but there is a decrease instead of the observed slight increase up to 0.5 on 13 October. At Oostende only few measurements are available during the episode, so statements about the time tendency during the entire period cannot be made. However, the comparison reveals a correctly placed maximum with slightly underestimated magnitude. A good agreement is found for Leipzig, except for 14 October. Here, the aerosol optical thickness remains on a high level instead of reaching the maximum value of about 0.6. This behavior corresponds to the missing maximum in Figure 9 mentioned above. However, the comparison is satisfactory as the discrepancies are in the range of the uncertainties of the added climatological value for the baseline aerosol optical thickness.
[40] Figure 13 shows the modeled dust vertical structure at Barcelona for 11 October, at Neuchâtel, Munich, and Leipzig for 13 October, and at Belsk for 15 October in comparison with lidar data. During this dust outbreak the measurements were in the range of 1 Mm À1 sr À1 to 5 Mm À1 sr
À1
. The base of the dust layer corresponded to the top of the boundary layer at Munich and Leipzig. At Neuchâtel the dust cannot be clearly separated from the boundary layer aerosol due to the complex impact of the Alps on the vertical structures of air transport. As the dust was well mixed in the vertical while being transported to Belsk, there was no clearly separated dust layer at Belsk, and the dust also contributed to the boundary layer aerosol causing backscatter coefficients of up to 5 Mm À1 sr
. The top of the dust layer extended to heights of 3 -5 km. Dust concentrations were elevated even up to 7-8 km height. Again, the model is quite capable of describing the vertical distribution of Saharan dust. The maxima are correctly placed at Neuchâtel, Munich, and Leipzig. At Barcelona, where the structure is more complex, single dust layers are not resolved, but the overall vertical distribution is well captured by the model. The model results agree well with the well-mixed dust observed at Belsk.
Dust Feedback
[41] The results of both dust episodes presented above were calculated with the online feedback of dust on the LM radiation scheme. An additional control run without any mineral dust influencing the solar and thermal radiation budget was performed for the October 2001 case. For this control case, the computed dust distribution did not interact with the LM radiation scheme, and the background dust ''mask'' was set to zero (as in the other experiments).
Comparing the results of both experiments, with and without desert aerosol interacting with the radiation routine, the radiative forcing of Saharan dust and its effects on the model dynamics is investigated. Here, only the effects in the source regions are shown, where they are expected to be strongest and to change the dust production itself. A more detailed investigation on the radiative effect of Saharan dust on the total model domain and for various meteorological parameters is given by Helmert et al. [2007] . In addition, the dust feedback in the model has been tested for a dust event during the BoDEx expedition Todd et al., 2007] in the Bodélé Depression (Chad) in March 2005. There, the measured temperature decrease due to dust forcing measured in the field could be well reproduced with this model [Tegen et al., 2006] .
[42] In Figure 14 , the instantaneous differences in radiative fluxes between the run including dust forcing, and the case without dust forcing for the solar (Figures 14a-14c) , thermal (Figures 14d -14f) , and net (Figures 14g -14i ) radiation budget at the top of the atmosphere (TOA) are presented for the period 9 -11 October 2001 at 1200 UTC. Note that these differences are caused by both the direct dust radiative forcing, as well as by differences in atmospheric conditions like cloud cover changes as consequence of the dust radiative effect. The increasing dust load during these days is reflected in the plots of the dust radiative effects. While the patterns are very patchy as consequence of small shifts in cloud patterns (not shown), and impacts in both directions occur at adjacent grid points over extended areas at the edge of the dust plume, there is a clear negative solar and a positive thermal feedback of dust as well as a negative net radiative forcing over source regions (see also Figure 9 ). The maximum instantaneous net negative forcing at the TOA reaches less than À700 W m À2 over the Bodélé Depression, which is the most active source in the Sahara [e.g., Prospero et al., 2002] . These high maximum values represent local and instantaneous effects not comparable to global or annual averages from, e.g., Perlwitz et al. [2001] and Miller et al. [2004] . In the regional-scale simulations performed by Perez et al. [2006] , the maximum instantaneous net negative forcing at the TOA is about À200 W m À2 over the Mediterranean, where the modeled maximum dust optical thickness is between 2.5 and 3.5. Here, over the Bodélé Depression the model-predicted dust load locally reaches values a factor of 2 or 3 higher than these computed for the Mediterranean Sea in the work of Perez et al. [2006] . Therefore the model results presented here appear to be quite reasonable.
[43] The negative solar and net radiative forcing is due to the fact that mineral dust aerosol reflects more solar radiation than the bare surface without a dust layer above, but the dust also partly absorbs solar and thermal radiation causing a heating of the atmospheric column. Thus the main effect of mineral dust, as already stated by, e.g., Perlwitz et al. [2001] and Miller et al. [2004] , is the redistribution of the radiative heating from the surface to the atmospheric column, which corresponds to a stabilizing effect on the atmospheric stratification. Figure 15 shows the vertical profiles of the model-predicted wind speed, temperature, and specific humidity, each plotted for simulations with and without dust feedback at a grid point centered in the Bodélé Depression (A; 16.8°N; 18.0°E) and a grid point in Niger (B; 15.8°N; 12.4°E). The gray-colored area marks the vertical distribution of modeled dust over these grid points in terms of the dust extinction coefficient. The maximum dust extinction occurs at surface, and the top of the dust layer is located at 1.4 km (point A) and 2.1 km (point B) height. At point A, in the model results with dust radiative forcing, wind speeds at the surface are lower by about 2.5 m s À1 , whereas up to 5 m s À1 higher wind speeds are simulated in about 400 m-1.4 km compared to the case without dust forcing. Up to 1.25 km height the model atmosphere with dust forcing is colder by about 2.6°C than in the results without dust radiative feedback, and it is significantly warmer between 1.25 km and 1.75 km, where an inversion occurs. While the atmospheric stratification is stable in the lowest 1 km above surface in the case with dust forcing (DT/Dz = À0.8 K/100 m), it is unstable without this feedback (DT/Dz = À1.1 K/100 m). The higher wind speeds in the model results with dust forcing are supposed to be due to temperature gradients between the heated dust layer and unaffected ambient regions. Furthermore, the model atmosphere with dust feedback has higher specific humidity at the surface and lower above about 1 km compared to the control case. This is due to the lower evaporation caused by the colder surface temperature and an increased evaporation at the warmer top of dust layer in the case with dust forcing. At point B the temperature is slightly lower up to 1.75 km height in the case with dust forcing compared to the model results without radiatively active dust, but the atmospheric stratification is neutral in both cases. Thus at point B the dust is elevated higher than at point A. The model atmosphere with dust feedback over point B has also a higher specific humidity at the surface due to the lower surface temperature. In contrast to point A, higher wind speeds are simulated in the lowest 2 km at point B including dust forcing. This may be due to stronger temperature gradients at the edge of the dust plume outweighing the negative dust radiative impact on the wind speeds. Consequently, dust emission is strengthened at point B, while it is lowered at point A in the case with the dust radiative feedback (Figure 16 ). Figure 16 shows a strong connection between the instantaneous negative effect of dust on the net radiative budget at TOA and the 10-m wind speeds indicating a negative radiative impact on the 10-m wind speeds in the source regions. In turn, this influences the dust production itself by a reduction of up to 50% at the location of strongest dust emission in Chad (Bodélé Depression). During the period 9 -11 October, the total dust emission fluxes integrated over the whole domain are about 46 Mt including the dust radiative feedback, while they are also about 50% higher in the model results without dust forcing. This is consistent with results from Perlwitz et al. [2001] , who found in GCM experiments that the mean dust load in the Sahara/Sahel source regions is reduced by 20-30% in winter and up to 50% in summer due to dustradiation interactions. Perez et al. [2006] simulated averaged aerosol optical thicknesses lowered by 35-45% taking into account radiatively active dust. There are also smallscale areas with an increased dust emission in the model experiments including dust radiative forcing in regions where the dust production is lower (Figure 16 ). These areas are related to positive differences in the net radiation budget at TOA or caused by the complex feedback of modeled dust on the model dynamics via the dust radiative forcing as shown for point B.
[44] The sensitivity of the dust radiative forcing on optical properties of mineral dust aerosol was investigated for the October 2001 case by Helmert et al. [2007] . In their tests the magnitude of the dust radiative forcing varies on the order of one depending on the used dust optical properties. The radiatively active dust was shown to influence the atmospheric dynamics. The decrease in the daytime temperature due to dust could exceed 6 K in the southern Sahara. Even though cloud microphysical processes were not taken into account, depending on the used dust optical parameters a decrease of total cloud coverage was found that could be at least partly explained by a dust induced warming of atmospheric layers containing Saharan desert aerosol. However, compared to different optical properties in the interactive dust simulations, largest differences in the dust radiative effects were found between climatological noninteractive simulations (aerosol climatology of the LM including desert-type aerosols) and interactive dust simulations.
Conclusions
[45] We developed a new regional model system consisting of the regional model LM, a dust emission scheme (DES), and the transport model MUSCAT for simulation of dust emission, transport, deposition, and radiative effects within the framework of the project SAMUM. To test the model performance, studies of two major Saharan dust outbreaks directed to Europe in August and October 2001 were carried out. Comparisons of the LM results with rawinsonde data and locally measured meteorological parameters indicate some shortcomings in 10-m wind speeds and temperature profiles (Figures 4, 5, 10, and 11) requiring the reduction of the threshold friction velocity for dust emission. Taking this into account, the dust emission and near-source transport processes are captured by the model. The location of dust sources and the transport patterns agree reasonably well with the TOMS observations for both episodes, and a good qualitative agreement has been found comparing the model-derived dust optical thickness with the Sun photometer measurements at selected AERONET stations (Figures 6 and 12 ). Both the magnitude and the variability of the dust optical thicknesses are reproduced by the model reasonable well. Also the vertical distribution of Saharan dust over several EARLINET sites is well captured by the model, especially with respect to correctly placed maxima (Figures 7 and 13 ). Discrepancies between model and observations are possibly related to the still too coarse vertical resolution of the model. In summary, the model system LM-MUSCAT-DES has been shown to be capable of describing the Saharan dust cycle in the mesoscale.
[46] The model results show a distinct negative effect of dust on the net radiative budget at TOA near the source region in the southern Sahara, a negative radiative impact of dust forcing on the 10-m wind speeds, and changes in the atmospheric stability, in agreement with several earlier studies (Figures 14, 15, and 16) . The model results show that the reduction in surface wind speed feeds back on the dust production itself, which is reduced up to 50% when dust radiative forcing is included in the model. [47] Owing to its capability of regional modeling of Saharan aerosol, the model system LM-MUSCAT-DES will be used to accompany the analysis of the results gained during the SAMUM field campaign in 2006 (http:// www.tropos.de/samum). In turn, we expect that the results from the measurements during SAMUM will serve to improve the parameterization of the modeled dust processes and to specify the optical properties of Saharan dust. To clear up the discrepancies between measurements and model results with respect to surface wind speeds and the vertical distribution of Saharan dust, the impact of the horizontal and vertical model resolution will be investigated in future sensitivity studies. The application of probability density functions already used in several global dust models provides the possibility to describe the subgrid-scale variability of surface winds [e.g., Westphal et al., 1998; Cakmur et al., 2004] , so that the peak wind speeds still underestimated by the LM are reproduced for dust emission. We intend to test a formulation from Panofsky et al. [1977] , which accounts for both the magnitude of variability of wind speeds and the atmospheric stability in stead of the neutral atmospheric stratification assumed for the computation of friction velocity in this study. Moreover, the parameterization of convective dust transport not yet implemented will be tested in the near future, and we will further explore the role of the dust optical properties for the radiative feedback, including an externally mixed desert aerosol taking into account the optical properties of dust from different source regions (e.g., northern and southern Sahara). The spatiotemporal dust distributions modeled in this study have already contributed to comprehensive inves- tigations on the regional radiative forcing of Saharan dust presented by Helmert et al. [2007] .
